Abstract
Introduction

8
Temperature is a fundamental regulator of the physical character of water and thereby the 9 ecology and quality of surface waters because it structures biological communities and affects 10 the rates of biochemical processes (Wetzel 2001) . Seasonal thermal stratification is ubiquitous in 11 deep, temperate lakes and reservoirs and is an important regulator of transport processes
12
(Imboden 2004). The critical dependence of lake metabolism and related metrics of water quality 13 on stratification and associated transport regimes has been widely acknowledged (e.g., Lam and al. 2012) . A spatially intensive survey of population densities in 2013 (unpublished data,
1
Watkins and others) found levels that matched or exceeded those observed for Lake Erie 2 (MacIsaac et al. 1992) and Lake Michigan (Nalepa et al. 2014) , where substantial related impact 3 on lake metabolism was reported. Such populations of this bivalve play potentially important 4 roles for the P-eutrophication issue, as a sink for phytoplankton and a P recycling pathway 5 (Boegman et al. 2008a (Boegman et al. , 2008b , mediated through filter feeding (Wong et al. 2014 ) and excretion 6 (Bootsma and Liao 2014), respectively. The effects of mussel metabolism will likely be 7 integrated into the forthcoming P-eutrophication model (e.g., Boegman et al. 2008b, Zhang et al. 8 2008).
10
Methods
11
Model description
12
The 2-D hydrothermal/transport model adopted in this study, henceforth called W2/T, serves as 13 the transport submodel of the water quality model CE-QUAL-W2. This dynamic model is based 14 on the finite difference solution in the vertical and longitudinal dimensions of laterally and layer-tested. The former was less computationally expensive and performed better; hence, it was used 1 for all simulations reported herein.
2
W2/T represents the lake with a grid of longitudinal segments divided into vertical layers 3 (Fig. 1) . Cell boundaries are fixed in space. The geometry of the computational grid is 4 determined by the boundaries, the average cross-sectional (lateral) widths of the longitudinal 5 segments, and thicknesses of the vertical layers. Meteorological inputs (drivers) for the model 6 include wind speed and direction, air temperature (T), dew point T, and incident solar radiation.
7
Values of the light attenuation coefficient for irradiance (K d , m −1 ; downwelling), which 8 quantifies the vertical limit of the penetration of solar energy in the water column, need to be 9 specified. Volumetric inflow rate, inflow T (for heat budget and density/buoyancy), and 10 volumetric outflow rate must also be specified. The model has 6 coefficients that may be 11 adjusted in the calibration process (Table 1) . "distributed" inflows (uniformly around the lake perimeter).
23
There were 2 sources of meteorological inputs (Table 2a) . One monitoring station is 1 located on a piling cluster within the southern shelf (site A, Fig. 1 measurements were not available.
10
Estimates of volumetric inflow were based on continuous gauge measurements (US
11
Geological Survey) for 4 of the largest tributaries (~50% of the watershed). Inflows from 12 ungauged streams were prorated according to watershed area. Area weighting of inflow was 13 supported for Cayuga Lake by earlier success in modeling long-term trends for a conservative 14 substance using this method (Effler et al. 1989) .
15
Paired vertical profiles of irradiance (E), specific conductance (SC), and T were collected concentration was initialized at zero through the rest of the lake, and lake-wide concentrations
17
were tracked functions of depth for the following week. 
Results
2
Calibration performance
3
Model simulations successfully reproduced temperature observations for the calibration year of 4 2013 over the various temporal and spatial measurement scales (Fig. 2, 3a , 4b, 5, and 6). The 5 predicted profiles successfully captured the temporal progression of stratification, including its 6 onset, the temperatures of the layers, and the deepening of the epilimnion in early fall, as shown 7 for the mid-lake site 5 (Fig. 2) , with average RMSE and ME of 0.64 and 0.32 °C, respectively 8 ( Table 3 ). The respective averages for all 9 sites were 0.89 and 0.29 °C (Table 3 ). The seasonal 9 near-surface temperature pattern at site 2 was also successfully simulated, (Fig. 3a) . The abrupt 10 decreases in temperature values that occurred irregularly in 2013 (e.g., early July and September; timing (phase) and magnitude of these dynamics, as reflected in the same contour format (Fig.   22 4b).
23
Comparison of time series of observations with predictions of temperature at 2 stratified 1 depths ( Fig. 5a and 5b) provides a more rigorous test of the model's performance in representing seasonally lower levels in the southern tributaries (a dilution effect from elevated runoff; e.g., Table 2a ). The performance of predictions for the thermistor chain data of 2012 3 (Table 2b ) was similar to that reported for 2013 ( Fig. 5c ; Table 3 , see LSC In., Fig 1) . The 4 RMSE and ME for the near surface temperatures of the southern end of the lake for the May- Near-surface temperature at the southern end of the lake (site A) was reasonably 7 predicted for the summer intervals for each of the other 14 years of thermistor deployment 8 (Table 2b ) over the 1998-2011 period (Table 4 ). The average RMSE for that period was 1.61 °C, 
17
Vertical profiles of temperature at site 2, the LSC intake, and site 3 over the [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] 18 meteorological monitoring sites (Table 2b) were also reasonably simulated ( shelf was modest based on the RMSE (Table 4) ; however, the relative improvement based on 7 ME was substantial, decreasing on average, 83 and 65%, respectively, for these intervals ( Table   8 4). Noteworthy improvements in performance were also observed in predictions of temperature 9
profiles over the 1998-2006 period by adopting the adjustment (Table 5 ). The RMSE decreased 10 on average by 15, 33, and 23% for site 2, site 3, and site LSC Intake, respectively. The ME 11 decreased (on absolute basis) by 58, 53, and 84% for these sites. also insensitive to the simplifying assumption of uniform distribution of the small ungauged stream inputs versus a more spatially detailed specification (based on the watershed area of 1 specific ungauged tributaries entering the shelf region; +0.5% change in RMSE).
2
The potential effect of the specification of the longitudinal segmentation ( (Fig. 10a-10d ). Some delay was noted for the experiments that started in July (Fig. 10c)   3 and August (Fig. 10d) , indicating intervals of low vertical mixing. 
18
The average RMSE for the 3 sites on Cayuga Lake for the 10 years of pelagic temperature 19 profiles (1.18 °C; Table 3 , with on-lake wind adjustments) compared favorably with the other 20 long-term simulation efforts (0.5-1.9 °C).
21
Performance of W2/T as applied to Cayuga Lake ( 
10
Given the range of Burger numbers for Cayuga Lake (0.4-1.9), there may be intervals when 11 internal waves are influenced by rotation. The earth's rotation was found to be important in Lake
12
Kinneret, which has a substantially "rounder" configuration, where S was ~0.7 (Antenucci and 
16
There are a large number of high aspect ratio lacustrine systems for which application of 17 W2/T, without modification, should be successful. For example, W2/T is likely appropriate for 18 most of the other 10 New York Finger Lakes (Fig. 1) be used, as demonstrated here (Table 4 and 5), to create multiyear (long-term) simulations.
17
Elsewhere, W2/T has served as the transport submodel to predict (1) 2-D patterns of turbidity 18 plumes formed from particle inputs delivered during rainfall/runoff events in water supply 19 reservoirs (Gelda and Effler 2007b , Gelda et al. 2009 , 2012 , 2013 , (2) Moreover, continuous simulations for multiple (e.g., ≥10 y) years with a 3-D transport submodel
3 have yet to be reported.
4
The applications of W2/T to Cayuga Lake reported here are valuable in the context of 5 describing the interplay between transport processes and certain features of water quality. driven by mixing processes (e.g., seiche activity), contributes importantly to flushing of the shelf.
12
Accordingly, natural variations in meteorological conditions, particularly wind, and hydrologic 13 conditions contribute to the predicted variability in τ e1 (Fig. 8a) . The relatively low residence McCutcheon 1999). The occurrence of plunging in Cayuga Lake seasonally was manifested in 10 both observations and W2/T simulations (Fig. 9) . Despite the effects of ambient mixing in 11 redistributing these interflows (Fig. 9) , these transport processes, including the initial plunging,
can be important in a water quality context. For example, the routing of enriched inflows to 13 stratified depths diminishes the effective loading from these sources to the productive upper buoyant inflows and associated interflow plumes presented here for Cayuga Lake.
21
Upward vertical transport to productive epilimnia from enriched hypolimnia has been 22 recognized by the water quality modeling community as a potentially critical recycling pathway 23 in many cases (Chapra 1997) . The results of the vertical transport analyses for a conservative 1 tracer conducted with W2/T (Fig. 10a-10d ) provided insights relative to the transport of solutes.
2
Upward transport of solutes from the deepest portions of the hypolimnion during summer 3 stratification was predicted to be minor for this deep lake but was substantial for metalimnetic 4 depths.
5
The factors that contribute to making W2/T an appropriate transport submodel for a water 6 quality model for Cayuga Lake include (1) the basin morphology and associated transport 7 characteristics, (2) longitudinal differences in water quality metrics imparted from localized observations. Performance statistics in Table 3 . Location (see Fig. 1 
